INTRODUCTION
Poultry production (domestic fowl rearing for meat and eggs) is a crucial economic activity in nearly all countries to furnish affordable diet protein and suppress hunger. Intensive and concentrated bird rearing, however, generates vast volumes of litter waste (mixture of feces, sheddings, and bedding materials) that requires appropriate disposal (Bolan et al., 2010) . The U.S. poultry industry, for example, generates annually more than 550 million dry tons of litter waste (Coker, 2017) . Poultry litter (PL) contains high contents of organic carbon (OC, ∼380 g kg −1 ) and the plant nutrients nitrogen (N, ∼40 g kg −1 ), phosphorus (P, ∼15 g kg −1 ), and potassium (K, ∼38 g kg −1 ) (Guo et al., 2009a) and is predominantly disposed of through land application as an organic fertilizer. The P:N ratio (e.g., 1:2-1:3) of PL is much higher than the typical crop nutrient requirement (e.g., 1:6-1:8) (Sadras, 2005) and therefore, application of PL at N-based agronomic rates would result in over-fertilization of P, which is subject to runoff losses to natural water bodies. In regions with concentrated poultry production, repeated and excess application of PL to cropland has introduced substantial loads of P and N nutrients to local water systems, causing eutrophication, and general water quality degradation issues (NASA, 2016) . Phosphorus exists in PL principally in labile forms (e.g., water-soluble, 0.5 M NaHCO 3 -extractable, and organic P) (Dou et al., 2000; Li et al., 2014) . Up to 50% of the P in PL is water extractable (Dou et al., 2000) and can be rapidly released into the soil water via rainfall following land application (Guo et al., 2009b) . To reduce the risks of P runoff from land-applied PL, it is critical to decrease the P water extractability and release rate of the organic fertilizer.
Biochar is a promising soil amendment capable of persistently enhancing soil quality through ameliorating soil physical, chemical, and biological properties (Guo et al., 2016) . Converting agricultural byproducts and other organic residues to biochar and utilizing the biochar as a soil amendment may be a best management practice for recovering nutrients and sustaining soil quality. Research demonstrates the feasibility of manufacturing nutrients-enriched biochar by pyrolysis of PL for promoting crop growth (Chan et al., 2008; Revell et al., 2012; MierzwaHersztek et al., 2016) . Depending on the pyrolysis conditions especially the temperature and time duration, the yield of biochar ranged from 45 to 60 mass% of the feedstock PL (Song and Guo, 2012) . Nearly 100% of the PL-P was recovered in biochar (Song and Guo, 2012) . Pyrolysis significantly transformed the P in PL and reduced the water extractable portion of P from 19.5% of total P in raw PL to <7.0% in biochar. As the pyrolysis temperature was elevated from 300 to 600 • C, the portion of 0.01 M HCl-extractable P in the PL-derived biochar products decreased from >55% of total P to <16% (Song and Guo, 2012) . Pyrolysis at 400 • C converted the labile P in raw PL to Mg/Ca phosphate minerals in biochar and reduced the water-soluble P from 2.95 g kg −1 in raw PL to 0.17 g kg −1 in biochar (Wang et al., 2015) . In PL biochar, orthophosphate was predominant while organic phosphate (a major form of P in raw PL) was barely present. Furthermore, release of P from PL biochar in water and neutral soils was significantly slower and steadier than from raw PL (Wang et al., 2015) . Relative to raw PL, the derived biochar is a slow P release fertilizer (Dai et al., 2016) . To date the transformation processes of P in PL during pyrolysis have not been fully understood. The existing forms of P in PL-derived biochar are not clear, and the bioavailability of the biochar P lacks assessment. The objective of this study was to examine the transformation of P in speciation and bioavailability during converting PL to biochar under varying pyrolysis conditions, aiming to optimize the pyrolysis operation for producing a slow release yet efficiently available P soil amendment from animal wastes.
MATERIALS AND METHODS

Poultry Litter
Poultry litter was procured from an industrial facility in Seaford, DE that processes raw PL collected from local broiler farms into a marketable fertilizer product via a series of physical and mechanical operations. The PL predominantly in <4 mm granules contained 92.3 wt% of dry matter and 7.7 wt% of moisture. The dry matter was comprised of 71.5 wt% organic constituents and 28.5 wt% ash minerals. On the dry mass basis the PL contained total N 30.7, total P 13.7, and total K 41.8 g kg −1 . More nutrient composition information of the PL can be found in Table 1 of Song and Guo (2012) . The PL was used as received.
Converting PL to Biochar
The PL was converted to biochar through slow pyrolysis at varied peak temperatures, with duplicate trials performed at each selected temperature. Briefly, 650 g of the granular PL were weighed into a metal canister (11 cm i.d. × 13 cm height) to its volume at loose packing. The canister was covered by its metal lid that had a 5-mm hole in the center. The canister was placed in an Isotemp muffle furnace (Thermo Fisher Scientific, Inc., Suwanee, GA) and heated at a pre-determined temperature (300-600 • C) until the pyrolysis was complete, as indicated by no further visible smokes escaping from the furnace. The furnace was able to raise its internal temperature at 20 • C/min and maintain a pre-set constant temperature with continuous power supply. Pyrolysis of PL inside the canister started when the furnace temperature reached above 250 • C, signified by visible smokes (pyrolysis vapors) emitted out of the 4-cm gas vent in the top panel of the furnace. It took 130-370 min for the pyrolysis of PL in the canister to be complete, the time shortened as the peak pyrolysis temperature increased in the range of 300-600 • C.
Once the complete pyrolysis was achieved, the furnace was switched off, and the canister was taken out and cooled to the room temperature with immediate sealing of the lid hole with a piece of metal tape. The biochar in the canister was then transferred into a Ziploc plastic bag and stored in a dark cabinet at 22 • C prior to further characterization. More details of the biochar preparation methods can be found in Song and Guo (2012) . The peak temperatures 300, 350, 400, 450, 500, 550, and 600 • C were used to produce biochars from PL through pyrolysis operations varying in temperature, the most important parameter that controls the yield and quality of biochar derived from a specific feedstock . The PL-derived biochar samples are hereafter referred to as C300, C350, C400, C450, C500, C550, and C600, respectively.
Chemical Characterization of P in PL and Biochar Samples
The PL and the derived biochars were ground to <0.15 mm and stored in brown glass vials. Total P (TP) and its constituents inorganic P (IP) and organic P (OP) of the samples were analyzed. The contents of TP were determined by acid digestion and colorimetric P measurement (Song and Guo, 2012) . For each sample, duplicate measurements were conducted. All the laboratory wares were of glass or Teflon and were acid-washed. In operation, 0.20 g of a sample were transferred into a 45-mL Teflon digestion cylinder (Parr Instrument Company, Moline, IL), followed by addition of 5.0 mL Milli-Q water and 5.0 mL concentrated HNO 3 . Procedure blanks without sample addition were included. After gentle swirling for mixing, the cylinder was capped and placed into a digestion case and microwaved at 0.6 KW for 2.5 min. The digestion bomb was left in the microwave oven to cool to nearly room temperature, then opened, and the digestate in the cylinder was fully transferred into a 100-mL volumetric flask with several times of Milli-Q water rinsing. The digestate in the flask was brought to 100 mL by adding Milli-Q water, well-mixed, and passed through a 0.45-µm glass fiber filter to remove any particulates. The clear digestate was then analyzed for TP concentrations using the standard phosphomolybdate blue method (Murphy and Riley, 1962) . The IP contents were determined by extracting the samples with 1 M HCl at 1:50 solid/solution ratio under room temperature rotary shaking for 24 h, centrifuging the extract at 4,080 × g for 20 min., passing the supernatant through a 0.2-µm syringe filter, and measuring the P content of the filtered extract using the phosphomolybdate blue method (de Jonge et al., 1993) . The OP contents were computed as the difference between TP and IP of a sample. The method detection limit was 3.0 mg kg −1 . To examine the fractionation of TP in different pools showing distinct leachability and bioavailability, the PL and biochar samples in duplicates were sequentially extracted by Milli-Q water, 0.5 M NaHCO 3 , 0.1 M NaOH, and 1 M HCl, each at 1:50 solid/solution ratio (Qian and Jiang, 2014) . At each sequential extraction step, the solid/solution slurry was continuously agitated by 30 rpm rotary shaking at room temperature for 24 h and centrifuged at 4080 × g for 20 min to separate the mixture into supernatant and pellet. The supernatant was passed through a 0.2-µm syringe filter and collected in a 50-mL volumetric flask; the pellet was washed twice each by 10 mL Milli-Q water and the rinsate was combined with the supernatant. The next sequential extraction step was then started by adding a new extractant solution and re-suspending the pellet. Any P remaining in the pellet after the sequential 1 M HCl extraction was treated as residual P (non-labile, non-bioavailable) of the original sample. The extract in the volumetric flask was brought to volume with Milli-Q water and analyzed for concentrations of total dissolved P (P t ), dissolved organic P (P o ), dissolved inorganic P (P i ), dissolved inorganic orthophosphate P (P r ), and dissolved inorganic polyphosphate P (P x ). Prior to bringing to the volume, the NaHCO 3 -and NaOH-extracts were adjusted to pH just below 8 by drop-adding concentrated HCl with phenolphthalein as the indicator. The P t , P i , and P r concentrations of the sequential extracts were measured following the phosphomolybdate blue method after acidic K 2 S 2 O 8 autoclave digestion, H 2 SO 4 autoclave digestion, and no pretreatment of the extracts, respectively (Wang et al., 2015) . Once again, procedure blanks without sample addition were included. All standard P solutions for establishing the calibration curves were subject to the same digestion processes as the extracts. The method detection limit was 0.91 mg kg −1 . The P o was computed as the difference between P t and P i (P o = P t -P i ) and P x as the difference between P i and P r (P x = P i -P r ). For the HCl-extracts, only P r was measured; no organic P or inorganic polyphosphate P was expected in this extract and therefore, P r = P i = P t was assumed (Qian and Jiang, 2014) .
To further estimate the bioavailability of P in the PL and biochar samples, the fractions of Mehlich-3 P, Bray-1 P, and Olsen P were measured by batch extraction methods (Pierzynski, 2000) . Briefly, 0.5-g aliquots of the samples were extracted separately by 25 mL of Mehlich-3 extractant (0.2 M CH 3 COOH + 0.015 M NH 4 F + 0.013 M HNO 3 + 0.001 M EDTA + 0.25 M NH 4 NO 3 ), Bray-1 extractant (0.025 M HCl in 0.03 M NH 4 F), and Olsen extractant (0.5 M NaHCO 3 , pH adjusted to 8.5) at room temperature for 24 h under continuous rotary shaking and the extracts were analyzed for P t concentrations following the phosphomolybdate blue method after acidic K 2 S 2 O 8 autoclave digestion. For each sample, duplicate measurements were conducted. Procedure blanks without sample addition were included. The method detection limit was 0.61 mg kg −1 .
Spectroscopic Characterization of P in PL-Derived Biochar Samples
To identify the existing species of P in PL-derived biochar, solidstate 31 P single-pulse (SP) and 31 P{ 1 H} cross-polarization (CP) magic-angle spinning (MAS) nuclear magnetic resonance (NMR) spectra of the biochar samples were collected on a 400 MHz Varian Unity Inova spectrometer (Varian, Inc., Palo Alto, CA) at operating frequencies of 161.8 and 399.8 MHz for 31 P and 1 H, respectively. Spectra were collected using a Varian/Chemagnetics T3-type probe, with samples contained in 7.5 mm (o.d.) normal wall ZrO 2 rotors. The 31 P{ 1 H} CP/MAS spectra were obtained at the spinning rate of 5 kHz with CP contact time of 1 ms using the same probe. The CP kinetic curves were measured at a spinning rate of 5 kHz with contact times varying from 0.3 to 5 ms and irradiation under the n = −1 sideband match condition. For all CP/MAS spectra, the transverse 1 H field (γB 1,H ) was ramped over approximately 5 kHz, centered near the first sideband match at a 42 kHz 1 H field. Proton decoupling (CW) was employed during acquisition of all 31 P{ 1 H} CP/MAS spectra. The 31 P chemical shifts (δ iso,P ) were reported relative to external 85% H 3 PO 4 solution, using hydroxyapatite as a secondary reference set to δ iso,P = 2.65 ppm.
Statistical Data Analysis
All chemical characterization data are expressed as means of duplicate measurements, with standard deviations showing the analytical precision. The results of analytical procedure blanks were incorporated in sample data processing. The relative abundance of various P forms is articulated as the percentage relative to the TP concentrations of the PL and biochar samples. Variations in speciation and bioavailability of P in PL and the derived biochars from different pyrolysis temperatures were statistically evaluated at the level of significance α = 0.05 following the analysis of variance (ANOVA) and the Fisher least significant difference (LSD) methods.
RESULTS
Transformation of Organic P During Pyrolysis of PL to Biochar
The PL contained 13.7 g kg −1 TP, of which 67.6% was IP and 32.4% belonged to OP. In the biochar products, the TP content was elevated to 22.7 g kg −1 for C300 and 30.5 g kg −1 for C600, increasing steadily as the pyrolysis temperature was raised ( Table 1) . The proportion of IP in the TP was also elevated to 87.0% for C300 and further to 99.7% for C450. When the pyrolysis temperature was increased to 500 • C and above, the "nomial" proportion of IP (extractable by 1 M HCl) decreased slightly from the peak value of nearly 100 to 96.6% in C500 and to 89.2% in C600 (Table 1) . Correspondingly, the OP proportion decreased from 32.4% in raw PL to 13.0% in C300 and further to nearly null (0.25%) in C450. As the pyrolysis temperature was elevated to 500 • C and higher, the "nomial" OP proportion showed a slightly increasing trend in the resulting biochar products, reaching 10.8% in C600 ( Table 1) . The changes in IP and OP proportions between the biochars generated at 300-600 • C with a 50 • C interval were statistically significant, especially when the pyrolysis temperature was ≤450 • C ( Table 1) .
Redistribution of Labile P Fractions During Pyrolysis of PL to Biochar
In raw PL, water-soluble P accounted for nearly half (49.5%) of the TP, while the remaining half was shared by NaHCO 3 -extractable, NaOH-extractable, HCl-extractable, and residual P at 9.0, 5.5, 17.1, and 18.9%, respectively (Figure 1) . In PL-derived biochars, the portion of water-soluble P decreased radically to 11.7% of TP in C300, 8.7% in C350, 5.5% in C400, and further to ∼2.4% in biochars produced at ≥450 • C pyrolysis temperatures. The proportion of NaHCO 3 -extractable P, on the contrary, increased significantly to 20.4% in C300, fluctuated between 17.7 and 19.2% in C350, C400, C450, and C500. The proportion then descended to 10.8% in C550 and 9.7% in C600. Similarly, the NaOH-extractable P increased from 5.5% of TP in raw PL to the peak proportion of 13.2% (of TP) in C300 and then declined gradually to 9.2% in C350, 7.5% in C400, 4.2% in C450, 1.6% in C500, and to <0.2% in biochars generated at ≥550 • C pyrolysis temperatures (Figure 1) . The sequentially HCl-extractable P increased its proportion from 17.1% of TP in raw PL to 33.9% in C300, 52.2% in C350, and further to 60-72% in biochars produced from ≥400 • C pyrolysis. The residual P in C300 accounted for 20.8% of the TP, a percentage close to that of raw PL (18.9%). The proportion decreased to 10.8% in C350 and reached the bottom level of 5.4% in C450. Further elevation of the pyrolysis temperature caused back increases of the residual P proportion in the resulting biochar products, to 16.1% in C600 (Figure 1 ). The residual P proportion profile is consistent with that of "nominally" OP ( Table 1) . In general, converting to biochar through pyrolysis significantly reduced the highly labile, highly leachable, and highly bioavailable (primarily water-soluble) P in PL.
Inorganic P (P i , including orthophosphate-P (P r ) and polyphosphate-P (P x )) dominated the water-soluble P in PL and the derived biochars, accounting for >89% of the total dissolved P (P t ) extractable by water ( Table 2 ). In PL, for example, the water-soluble P consisted of 84.5% P r , 4.5% P x , and 11.0% P o (dissolved organic P). The proportion of P o in water-soluble P from C300 decreased to 2.9%, whereas the proportion of P x increased to 10.4% and P r to 86.7% (P i 97.1%). The P o proportion FIGURE 1 | Fractionation of phosphorus (P) in poultry litter (PL) and the derived biochars into water-extractable, NaHCO 3 -extractable, NaOH-extractable, HCl-extractable, and residual forms. Data are means of duplicate measurements. The coefficients of variation of the duplicate measurements are within 3%.
Frontiers in Sustainable Food Systems | www.frontiersin.orgTABLE 2 | Composition of water-soluble, NaHCO 3 -extractable, and NaOH-extractable phosphorus (P) fractions in poultry litter (PL) and the derived biochars.
Water-soluble P NaHCO 3 -extractable P NaOH-extractable P 0.51 ± 0.01 c 100 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 b 100 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 d C500 98.3 ± 0.31 f 1.69 ± 0.31 e 0.00 ± 0.00 d 100 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 b 100 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 d C550 100 ± 0.00 g 0.00 ± 0.00 f 0.00 ± 0.00 d 100 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 b 100 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 d C600 100 ± 0.00 g 0.00 ± 0.00 f 0.00 ± 0.00 d 100 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 b 100 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 d
Data are means ± standard deviations of duplicate measurements. Superscript letters denote significance of difference between treatment levels. Pt, total dissolved phosphorus (P); Pr , dissolved inorganic orthophosphate-P; Px, dissolved inorganic polyphosphate-P; Po, dissolved organic phosphorus.
of water-soluble P in biochar products decreased gradually as the production temperature was elevated in the range of 300-600 • C; the P x proportion also decreased steadily; yet the P r proportion and the overall P i proportion increased accordingly. Organic P disappeared from the C500 water extract; only P r was present in water-soluble P of biochars produced at ≥550 • C pyrolysis temperatures ( Table 2) . Sequential extraction of PL and the biochars by NaHCO 3 after water showed the composition of 75.2% P r , 6.9% P x , and 17.9% P o in the extractable P from PL and 86.7% P r , 13.3% P x , and 0.0% P o in the extractable P from C300. Organic P completely disappeared from the sequential NaHCO 3 extracts of biochars, while P x was only present in extracts from low-temperature biochars and decreased its proportion in products from higher temperature pyrolysis. In the sequential NaHCO 3 extracts of C450, P x nulled and P r accounted for 100% of P i and P t ( Table 2 ). The composition of P in the sequential NaOH extracts demonstrated similar variation trends. The strongly alkaline NaOH solution is rather efficient for extracting organics from solid matrix. It was assumed that all remaining P o in the PL and biochars after the sequential NaHCO 3 extraction would be recovered in the NaOH extracts. Consequently, P o was the principal form of P in the NaOH extracts from PL, accounting for 65.6% of the P t ( Table 2 ). In the NaOH extracts from C300, however, P o was merely 3.9% of the P t , and proportion decreased to 0.0% in the extracts from C400. Meanwhile, P x decreased its proportion of 24.4% in the C300 extracts to 1.1% in the C400 extracts. In the NaOH extracts from C450, P r became the single form of dissolved P ( Table 2) . Of the total extractable P from the four-stage sequential extraction (by water, NaHCO 3 , NaOH, and HCl), P r , P x , and P o accounted for 82.0, 4.8, and 13.2%, respectively in PL. The composition changed to 89.9% P r , 9.0% P x , and 1.1% P o in C300 (Figure 2) . In biochars produced at higher pyrolysis temperatures, both the extractable P o and P x demonstrated a steadily declining trend in proportion. The extractable P o and P x disappeared and P r was the only extractable P form in biochars prepared through ≥500 • C pyrolysis (Figure 2) . In consistent with Table 1 , the results suggest transformation of OP to polyphosphate-P and further to orthophosphate-P during converting PL to biochar. The transformation was facilitated as the pyrolysis temperature was elevated.
Potential Bioavailability of P in PL-Derived Biochars as Indicated by Extractability
Water was able to extract 2.4-11.7% of TP in PL-derived biochars, the proportion decreasing readily to the minimum as the pyrolysis temperature was elevated in the range of 300 • C to 450 • C and above (Figure 3) . In comparison, water extracted 49.5% of TP from raw PL under the same conditions. Clearly, conversion to biochar dramatically reduced the water solubility of P in PL. The Olsen solution (0.5 M NaHCO 3 , pH 8.5) performed slightly better than water in recovering P from PL and the derived biochars. The Olsen P accounted for 53.3% of TP in raw PL and 13.8-30.0% in biochars. Nevertheless, the pyrolysis temperature effect on the proportion of Olsen P in PL-derived biochar was not straightforward. For C300, the proportion was 21.6%. The proportion increased to 30.0% for C350 yet then declined for biochars produced at higher pyrolysis temperatures, to 28.2% for C400 and 13.8% for C600 (Figure 3) . The Bray-1 extractant (0.025 M HCl in 0.03 M NH 4 F) acted more efficiently than water and the Olsen extractant in recovering P from PL and the biochars. The solution was able to recover 73.3% of TP from raw PL and 17.0-57.8% of TP from the biochars. Furthermore, the proportion of Bray-1 extractable P in biochars decreased gradually as the pyrolysis temperature was elevated in the range of 300-600 • C (Figure 3) . Compared with the Bray-1 extractant, the more corrosive Mehlich-3 solution (0.2 M CH 3 COOH + 0.013 M HNO 3 + 0.015 M NH 4 F + 0.001 M EDTA + 0.25 M NH 4 NO 3 ) extracted 89.9% of TP from PL and 35.0-80.4% of TP from the biochars, among which C350 demonstrated the highest proportion (80.4%) of Mehlich-3 P while C550 and C600 possessed the drastically lower (35-50%) fractions (Figure 3) . In contrast, the strongly acidic extractant 1 M HCl recovered 67.6% of TP from PL yet much higher proportions (87.0-99.8%) from the biochars. All IP but little OP in soils and soil amendments was assumed extractable by 1 M HCl. The high recovery of P by HCl extraction (Figure 3) implicated that inorganic phosphate was the predominant P form in biochars. Overall, water, Bray-1, and 1 M HCl extracted significantly different proportions of P from PL and the biochars especially those generated at ≤450 • C, but the alkaline Olsen solution and the corrosive Mehlich-3 agent failed in this function (Figure 3 ).
Spectroscopic Evidence of P Species in PL-Derived Biochar
The 31 P SP/MAS NMR spectra of the PL-derived biochars are illustrated in Figure 4 . A broad peak at the chemical shift δ P−31 = 2.7 ppm with full width at half maximum (FWHM) of 6.8 ppm was observed for C300. The chemical shift is fully consistent with that of hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ), but the FWHM is much broader than well-crystalline hydroxyapatite. This peak FIGURE 4 | 31 P SP/MAS NMR spectra of poultry litter-derived biochars from different pyrolysis temperatures. All spectra were collected at a spinning rate of 5 KHz and pulse delay of 120 s.
was therefore assigned to poorly crystalline hydroxyapatite (Jaeger et al., 2006; He et al., 2007; Vyalikh et al., 2017) . The same peak was also observed for C350 and C400. As the pyrolysis temperature was elevated to 450 • C an additional shoulder at δ P−31 = −0.3 ppm was observed for the biochar product, suggesting some poorly crystalline hydroxyapatite was transformed to a new species. This shoulder became more and more pronounced in biochars produced from higher temperature pyrolysis. Meanwhile, the major peak at δ P−31 = 2.7 turned to be narrower with increasing the pyrolysis temperature, indicating facilitated crystallization of hydroxyapatite under higher temperature heating. At 600 • C, two well-separated NMR peaks at δ P−31 = 2.7 and −0.3 ppm were identified (Figure 4) . Assignment of the peak at δ P−31 = 2.7 ppm to hydroxyapatite is further supported by the CP kinetics of C600 shown in the 31 P{ 1 H} CP/MAS NMR spectra (Figure 5) , since only hydroxyapatite possesses such phosphate/proton environments that would yield stronger signal at a longer CP contact time (i.e., 5,000 µs) than at a shorter CP contact time (e.g., 300 and 1,000 µs). The assignment of the shoulder peak at δ P−31 = −0.3 ppm was not straightforward. The compound from which the peak stemmed was most likely a dehydrated product of hydroxyapatite after heating. In the 31 P{ 1 H} CP/MAS spectra of C600, the peak at δ P−31 = −0.3 ppm shows no CP signals (Figure 5) , implicating there are no protons associated with the P species. Though the peak occurred at a chemical shift rather close to that of β-tricalcium phosphate (Ca 3 (PO 4 ) 2 ) (Sakka FIGURE 5 | 31 P{ 1 H} CP/MAS spectra of the biochar C600 derived from poultry litter (PL) through 600 • C pyrolysis. The spectra were collected at varied CP contact times, spinning rate of 5 KHz, and a pulse delay of 2 s. et al., 2013), formation of tetracalcium phosphate (Ca 4 (PO 4 ) 2 O) and β-tricalcium phosphate (Ca 3 (PO 4 ) 2 ) from dehydrating hydroxyapatite required a much higher temperature (e.g., >1000 • C) environment (Greenwood, 2014) . At 600 • C, however, hydroxyapatite is ready to be dehydrated to form oxyapatite: Ca 10 (PO 4 ) 6 (OH) 2 → Ca 10 (PO 4 ) 6 O + H 2 O (Greenwood, 2014) . Therefore, the δ P−31 = −0.3 ppm peak was assigned to oxyapatite (Figure 4) .
DISCUSSION
Pyrolysis of PL enriched the inherent non-volatile elements including P in biochar products. The enrichment became more prominent at higher pyrolysis temperatures in response to the decreasing biochar yield (Song and Guo, 2012) . The enrichment factor of P (the ratio of TP content between biochar and PL) for C300 was computed at 1.66. For C450 and C600, the factor increased to 1.94 and 2.23, respectively (Table 1) . In addition to enrichment, speciation transformation of P was also evident. In PL, both inorganic P species (e.g., dicalcium phosphate (CaHPO 4 ), amorphous tricalcium phosphate (Ca 3 (PO 4 ) 2 , and octacalcium phosphate (Ca 8 H 2 (PO 4 ) 6 ·5H 2 O)) and organic P species (e.g., phytates, phospholipids, and nucleic acids) are significantly present (Hunger et al., 2004; Turner and Leytem, 2004; Toor et al., 2005; He et al., 2008; Li et al., 2014) . Most of the OP in PL was converted to inorganic forms during pyrolysis, as indicated by the drastic decreases in the proportion of OP yet abrupt increases in the proportion of IP in the derived biochars relative to raw PL ( Table 1) . Transformation of OP to metal/mineral-associated inorganic species was widely observed when converting sewage sludge, manures, and other solid biowastes to biochar through pyrolysis (Huang et al., 2017) . Decomposition of OP was promoted by increasing the pyrolysis temperature. At 450 • C, nearly all OP in PL was converted to inorganic P species, with the product C450 showing an OP proportion close to 0% ( Table 1) . The null presence of OP in biochars generated from ≥450 • C pyrolysis was validated by the sequential extraction analyses, in which OP was barely recovered from these biochars by the extractants water, NaHCO 3 , and NaOH (Table 2; Figure 2) . In Table 1 , the unexpected increasing OP proportion for biochars produced at higher pyrolysis temperatures (C500, C550, and C600) was calculated based on the difference between TP and IP. As the pyrolysis temperature was elevated to 450 • C and above, however, IP in the biochar products became more recalcitrant and less extractable by 1 M HCl. This is supported by the sequential extraction results, showing increased proportions of residual P in biochars generated from ≥450 • C pyrolysis (Figure 1) . The "nominal" OP in C500, C550, and C600 (Table 1) was actually residual P (unextractable by 1 M HCl).
Indeed, transformation of OP to IP occurred during pyrolysis of PL to biochar. The transformation was initially to inorganic polyphosphates (i.e., condensed P forms including pyrophosphates, polyphosphates, and metaphosphates) and further to inorganic orthophosphates at higher pyrolysis temperature. Using solution 31 P NMR spectroscopic techniques, polyphosphates were detected in raw PL (Turner and Leytem, 2004; Dou et al., 2009) , sewage sludge (Qian and Jiang, 2014; Huang and Tang, 2015) , and other solid biowastes (Huang et al., 2017) . Relative to raw PL, biochars generated at low pyrolysis temperature (e.g., C300) showed notably reduced proportion of extractable OP and correspondingly increased proportion of polyphosphate-P (Figure 2) , suggesting transformation of OP to initially inorganic polyphosphates during pyrolysis. Elevating the pyrolysis temperature resulted in biochar products possessing decreased proportions of extractable polyphosphate-P yet increased proportions of orthophosphate-P (Figure 2) , implicating further conversion of polyphosphates to orthophospahtes. Raw PL is abundant in ash minerals, with the molar Ca/P ratio greater than 2.0 (Song and Guo, 2012) . Seemingly, high temperature and sufficient metal ion supply facilitates transformation of polyphosphates to orthophosphates. Different forms of P vary in water solubility, mobility, and phytoavailability. Converting PL to biochar would substantially alter the environmental fate and transport of P following land application.
Conversion of PL to biochar greatly reduced the watersoluble P fraction (Figure 1) , which is the most mobile and plant available P portion in PL. Runoff P losses are largely controlled by and directly correlated with the water-soluble P content of land-applied solid wastes (Shreve et al., 1995; Hart et al., 2004; White et al., 2010) . Evidently, soil amendment with biochar instead of raw PL would minimize the highlyconcerned P runoff risks. The sequentially-used extractants water, NaHCO 3 , NaOH, and HCl were designed to recover readily labile P, generally labile P (adsorbed on crystalline mineral surfaces), moderately labile P (associated with carbonates and Fe/Al oxides or in organic particulates), and low labile P (bound in Ca-minerals), respectively, in soils and solid residues (Hedley et al., 1982; Dou et al., 2000; He et al., 2006) . Likely, the readily labile, water-soluble P in PL was transformed mainly to low labile and residual P (e.g., calcium phosphate minerals such as hydroxyapatite and oxyapatite) and marginally to generally/moderately labile P (e.g., amorphous Ca 3 (PO 4 ) 2 surface precipitate on calcium carbonate and phosphate surface complexes on Fe/Al oxides) (Figure 1) . Phosphate surface precipitates and Fe/Al-oxide complexes were identified in PL using solid state MAS and CP-MAS 31 P NMR techniques (Hunger et al., 2004) . Transformation of these two phases of phosphate to Ca-bound phosphates (e.g., hydroxyapatite) and further to residual P (e.g., oxyapatite) occurred possibly at higher temperature in the presence of available calcium (Figure 1) . Overall, the labile portion of P (sequentially extractable by water, NaHCO 3 , and NaOH; readily to moderately labile; and immediately to medium-term plant available) was significantly reduced during converting PL to biochar; and the reduction became greater as the pyrolysis temperature was elevated in the range of 300-600 • C. Similar P transformation trends were observed for pyrolysis of sewage sludge to biochar at different temperatures ranging from 400 • C to 800 • C (Qian and Jiang, 2014) .
The labile portion of P in PL and the biochars was dominated by orthophosphates, with polyphosphates and organic P as minor forms (Table 2; Figure 2 ). For PL, all the three forms of P (P r , P x , and P o ) were present in the water-soluble, NaHCO 3 -extractable, and NaOH-extractable fractions. Organic P was the principal form of P in the NaOH-extractable fraction, suggesting significant existence of P-containing particulate organic matter in PL ( Table 2) . Due to the thermal decomposition of OP to IP, P o was detected only in the water-soluble and NaOH-extractable fractions from the biochars generated at lower pyrolysis temperature (≤450 • C). Polyphosphates existed predominantly in the water-soluble P pool of biochars and fully disappeared in products from ≥550 • C pyrolysis. Using coupled sequential extraction and solution 31 P NMR techniques, Qian and Jiang (2014) detected polyphosphates in sewage sludge and low pyrolysis temperature (400-600 • C) biochar products but not in high temperature (800 • C) biochars.
The bioavailability of P in soil is commonly estimated by batch extraction using a specific chemical extractant (Pierzynski, 2000) . For example, the Olsen solution (0.5 M NaHCO 3 , pH 8.5) was introduced to extract phytoavailable P from neutral, alkaline, and calcareous soils by enhancing the dissolution of Ca-phosphates. The Bray-1 extractant was designed to recover water-soluble and adsorbed forms of P in pH < 7.5 soils. The Mehlich-3 extractant were developed to remove adsorbed and Fe/Al oxides-complexed phosphates and other elements from acidic and neutral soils (Elrashidi, 2001) . Lucero et al. (1998) found that both Bray-1 and Mehlich-3 extracts were effective to evaluate excess P in PL-fertilized soils. In the present study, the raw PL had a pH value of 7.1 and the biochars of 9.5-11.5, increasing with the pyrolysis temperature (Song and Guo, 2012) . It is notable that all the chemical extractants recovered more P from PL and the biochars than water, and their effectiveness for extracting P from biochars followed the order: Olsen < Bray-1 < Mehlich-3 < HCl (Figure 3) . The Mehlich-3 solution was more efficient than HCl in extracting P from raw PL, probably due to the abundance of OP ( Table 1 ) that would be precipitated in 1 M HCl. The Bray-1 extractable P demonstrated a variation trend highly consistent with that of the labile P fraction (extractable by water, NaHCO 3 , and NaOH) among the PL and the derivedbiochars (Figure 1) , suggesting the solution is an appropriate extractant for evaluating the labile P content of PL-derived biochars. A large portion of HCl-extractable, Ca-bound P is low labile yet long-term available to plants (Qian and Jiang, 2014) and therefore, Mehlich-3 was considered a proper solution for recovering overall bioavailable P from biochar. The Mehlich-3 extraction was able to reflect the changes in residual P fraction and general P recalcitrance of biochars produced at different pyrolysis temperatures (Figure 1) . It is noteworthy that chemical extraction cannot reflect the interactions among soil, biochar, and plants tht influence the P bioavailabity of field applied biochar and therefore, the lability and bioavailability of P in PLderived biochars as evaluated by the present batch and sequential extraction methods need to be validated in soil-biochar-plant systems.
To date most phosphate compounds and organic P species in soil, solid biowastes, and biochars remain unknown due to the matrix complexity, P chemical diversity, and technology restriction. In addition to solid-state 31 P NMR techniques, other methods such as liquid 31 P NMR, X-ray absorption near edge structure (XANES) spectroscopy, Fourier transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD) spectroscopy have been used to characterize P compounds in environmental samples (Toor et al., 2005; He et al., 2007; Dou et al., 2009; Li et al., 2014; Qian and Jiang, 2014; Huang and Tang, 2015; Huang et al., 2017) . Identified P chemicals are limited to phytate, dicalcium phosphate, tricalcium phosphate, struvite (NH 4 MgPO 4 ·6H 2 O), hydroxyapatite, and broadly pyrophosphates (Hunger et al., 2008; Qian and Jiang, 2014; Huang and Tang, 2015; Huang et al., 2017) . Hydroxyapatite does not exist in raw PL (Hunger et al., 2004) . Instead, octacalcium phosphate, a precursor of hydroxyapatite, is present in PL (Hunger et al., 2008) . The present 31 P NMR analysis indicates that hydroxyapatite was formed during pyrolysis of PL to biochar. Improved crystallization of hydroxyapatite occurred as the pyrolysis temperature was elevated. At 450 • C and above, a portion of hydroxyapatite was dehydrated and transformed to possibly oxyapatite (Figure 4) . Both hydroxyapatite and oxyapatite are water insoluble and belongs to the low labile P pool in sequential extraction. The speciation transformation supports the chemical extraction results that the solubility, lability, and bioavailability of P generally decreased in biochars produced from higher temperature pyrolysis.
CONCLUSIONS
Nearly all P in the feedstock was recovered during pyrolytic conversion of PL to biochar. Relative to raw PL, the derived biochar was substantially P-enriched and might demonstrate a total P content doubling that of the original feedstock. During pyrolysis, OP in PL was decomposed to IP, initially to polyphosphates and subsequently to orthophosphates at higher temperature. Orthophosphate-P was the predominant form of P in PL-derived biochars. In the products manufactured at ≥450 • C pyrolysis temperature, OP fully disappeared and polyphosphate-P became barely detectable. Overall, pyrolysis transformed the P in raw PL to much less labile forms (e.g., hydroxyapatite and oxyapatite) in biochar. The lability of P in biochars decreased as the pyrolysis temperature increased in the range of 300-600 • C. Among the biochars generated at different temperatures, C450 possessed the smallest pool of residual P, suggesting 450 • C is the optimal temperature for converting PL to biochar with maximum P bioavailability. The Bray-1 extractant was an appropriate solution for recovering the immediately to mediumterm available P in biochar, while the Mehlich-3 solution was suitable for evaluating the overall P bioavailability of soilapplied biochar. The bioavailability of P in PL-derived biochars needs to be further assessed in soil-biochar-plant systems. In addition to P lability and bioavailability, the remarkable N losses and potential stable C recovery should also be considered in selecting an optimal pyrolysis temperature for converting PL to biochar.
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